Cellular resting and action potentials and total tissue concentrations of K + , Na + , and Ch were measured in canine myocardial and Purkinje tissues. The results with myocardium were consistent with those of others: the total tissue concentration of K + was greater than that of Na + of Ch. In Purkinje tissue, the total tissue concentration of K + was relatively low, while that of Na + and of Ch was high. Extracellular space was calculated on the basis of four different OrcnUlion Rtttarcb. Vol. XXVII,
assumptions about the intracellular concentration of one of the ions: (1) the intracellular concentrations of Ch is zero; (2) the electrochemical equilibrium potential of Ch equals the cellular resting potential; (3) the electrochemical equilibrium potential of K + equals the cellular maximum diastolic potential; (4) the electrochemical equilibrium potential of Na + equals the reversal of the cellular action potential. In the myocardium, the lowest estimate of extracellular space was 14 ± 2%, and the highest was 18 ± 2%. In the Purkinje tissue, the minimum extracellular space: (1) permitting adequate intracellular K + to account for the maximum diastolic potential was 45 ± 3%; (2) consistent with passive distribution of Ch was 61 ± 4%; (3) yielding low enough intracellular concentration of Na + to account for the reversal of the action potential was 63 ± 10%. These results suggest that in cardiac Purkinje tissue: (1) the extracellular space is unusually large with respect to that of myocardium and skeletal muscle; (2) intracellular activities of ions do not necessarily equal concentrations; or (3) intracellular space is not necessarily a single compartment.
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Received October 22, 1969 . Accepted for publication June 22, 1970. sodium within the cell and in intracellular space larger than the extracellular space (1) (2) (3) (4) (5) (6) (7) (8) . There have been reports that in specialized cardiac tissues, such as sinus venosus, sinoatrial node, atrioventricular node, and bundle of His, the total tissue concentration of sodium exceeds that of potassium (9) (10) (11) . These findings raise the possibility that the intracellular concentration of sodium is unusually high and the intracellular concentration of potassium is unusually low in these tissues-a condition to which their special electrophysiological properties may be related -or that the principally sodium-containing 160 VICK, HAZLEWOOD, NICHOLS extracellular space is larger, and the principally potassium-containing intracellular space is smaller, than in most other tissues.
Although the extracellular concentrations of the major ions are easily determined, the intracellular concentrations cannot be measured directly and must be calculated from the ionic content of the whole tissue and the partition of the tissue into intracellular and extracellular spaces. In theory, the extracellular space can be determined by using the tissue concentration of some substance which is presumed not to enter the cell but is distributed throughout the extracellular space. In practice, the derived value of the extracellular space may vary considerably, depending upon the substance used to measure it (3, 6, 7, 12) . Another approach to the measurement of extracellular space is to use data obtained on average tissue concentrations of normal constituents. When certain assumptions are made about the distribution of one of the constituents, the extracellular space and all intracellular concentrations follow mathematically. One example of such a method is the chloride space (1, 2, 5, 8) .
The application of electrophysiological techniques provides a convenient basis for making assumptions about the distribution of one or more of the naturally occurring ions, permitting calculation of the tissue spaces, and the distribution of the other ions. The basic assumption is that the cellular potential develops in relation to specific distributions of potassium and sodium inside and outside the cell (13) (14) (15) .
Although the cellular resting and action potentials are not expected to be identical with the diffusion potentials of potassium and sodium (at no time does the membrane appear to behave as a pure potassium or a pure sodium electrode), the potentials developed from the activity gradients of potassium and sodium should largely determine the magnitudes of the resting and action potentials. Since the extracellular ionic activities are known, the intracellular activities of potassium and sodium necessary to complete the activity gradients and to produce the measured potentials can be calculated by the Nemst equation (16) . These calculations will give the lower limit of intracellular potassium activity and the upper limit of intracellular sodium activity. These data, together with those on total tissue ion concentrations, can be used to calculate theoretical limits of extracellular space.
Data have shown that the remaining major diffusible ion, chloride, is distributed passively in myocardial and Purkinje fibers and that the chloride activity on either side of the membrane is determined by the cellular potential (17, 18) . On this basis, if the cellular potential and the extracellular chloride activity are known, the intracellular chloride activity can be calculated from the relationships given in the Nernst equation (16) and used to establish another theoretical limit of extracellular space.
The possibility may be considered that calcium, as well as sodium, is involved significantly in the formation of the action potential. It is estimated that the equilibrium potential of calcium in the cardiac Purkinje fiber of sheep and calf is about 150 mv, positive inside (19) . If this estimate is correct, calcium ion could influence the cellular potential if it were present in adequate concentration. There is evidence from voltageclamp studies that Ca 2+ contributes to the total depolarizing current in cardiac tissues (19) (20) (21) (22) (23) . However, the Ca ! + current is characterized as "slow" (19, (21) (22) (23) , appears to flow mainly in the voltage range of the plateau of the cardiac action potential (19) (20) (21) (22) (23) , and may compete with Na + current in the "slow channel" (21) (22) (23) . Consequently, there is reason to doubt that calcium contributes significantly to the early phase (reversal) of the action potential (21, (24) (25) . In dog Purkinje tissue subjected to varying extracellular concentrations of calcium, [Ca2 + ] 0 , reversal of the action potential was decreased slightly (0. This report presents the results of our attempts to determine the intracellular concentrations of potassium, sodium, and chloride in canine myocardium and Purkinje tissue by measuring the total tissue concentrations of the ions and the cellular potential in the same tissue and assuming transmembrane distributions in accordance with the Nernst equation (16) . In addition, certain corrective factors have been used. Inspection of photomicrographs shows the presence of nerve fibers, capillaries, and connective tissue surrounding dog Purkinje strands (27) . Because of these indications that the extracellular space of Purkinje tissue is not a simple, homogeneous space and because the connective tissue may bind additional sodium and chloride in the extracellular space, we measured the amount of connective tissue in Purkinje and myocardial samples (collagen and acid mucopolysaccharides) and estimated the amount of sodium and chloride it might bind. The results indicate that connective tissue binding is not a significant factor in the distribution of sodium and chloride in either tissue.
Methods
Healthy dogs not selected for sex or breed were anesthetized with pentobarbital (30 mg/kg, iv). The chest was opened, and the heart was removed. Portions of the papillary muscles with attached Purkinje strands and Purkinje strands running between ventricular trabeculae in each ventricle were dissected free under a steady flow of oxygenated physiological solution and placed in a tissue bath for recording of cellular potential. Control samples of papillary muscle and of the Purkinje tissue described above were taken for analysis of tissue electrolyte concentrations.
MEASUREMENT OF POTENTIAL
The tissues in the bath were incubated at 37°C for at least 3 hours before any recording was begun. The millimolar composition of the physiological solution was: NaCl 122.0, KC1 5.4, MgSO 4 1.2, CaCl 2 2.0, NaH2PO4 1.2, NaHCO 3 25.0, and dextrose 5.5. The pH of the solution after equilibration with 95* O 2 -5* CO 2 was 7.4. The volume of the bath was 2 ml, and warmed, oxygenated physiological solution passed through it at the rate of 10 ml/min.
Microcapillary pipettes filled with 3M KC1
Circvliiion Ruetrcb, Vol. XXVII, Augmt 1970 were selected for resistance between 8 and 20 megohms, mounted on a micromanipulator, and connected by a Ag-AgCl electrode to a cathodefollower input. A Ag-AgCl electrode connected to ground was placed in the bath. Single Purkinje and myocardial cells were penetrated with the aid of a 20X binocular dissecting microscope. Electrical potential differences were amplified by a Grass P6 preamplifier and a Tektronix cathoderay oscilloscope. The oscilloscope beam was kept stationary in the horizontal axis, while free to move in the vertical axis, and records were obtained by photographing the face of the cathode-ray tube on film moving horizontally at 2.5 mm/sec. Bipolar platinum electrodes insulated except at the tips were placed in contact with the papillary muscle. The tissues were quiescent, and after penetration, the resting membrane potential was measured for a few seconds. Then, the preparation was stimulated at 1/sec with biphasic shocks of supramaximal strength (3 to 6 v, 1 msec) passed through a stimulus isolation unit. A series of 8 to 12 action potentials was recorded, with the beam brightened temporarily to aid in defining the peak of the reversal. The resting potential was established again, the pipette was withdrawn from the cell, and a reference potential was recorded between the two electrodes in the bath. The records were calibrated by inserting known voltages between the preparation and ground. A series of 10 or more random penetrations was made in each tissue in each experiment. Membrane resting and action potentials were measured by projecting each record onto a voltage scale.
After recording was completed, the Purkinje and myocardial tissues in the bath were prepared for analysis of total tissue electrolyte concentrations.
MEASUREMENT OF TISSUE ELECTROLYTES
All tissues, incubated and control Purkinje, and incubated and control myocardium, were dissected free where necessary, blotted to remove excess solution, and placed in separate tared weighing bottles held in a desiccator. The wet weight of each was determined, and the dish with tissue was placed in an oven at 90°C and reweighed at 24-hour intervals until a constant dry weight was established.
The tissues were extracted with redistilled petroleum ether for 48 hours, redried, and weighed at 24-hour intervals until a constant fatfree dry weight was obtained. The tissues were then extracted with distilled water at 5°C for 4 to 5 days, according to the method of Horvath et al. (28) . Control studies using nitric acid extraction of Purkinje and myocardial tissues from five other 162 VICK, HAZLEWOOD, NICHOLS dogs confirmed that the water extraction was complete. After appropriate dilutions, the extracts were analyzed for potassium, sodium, and chloride. The total electrolyte content of a piece of tissue was determined, and concentrations were calculated on the basis of the fat-free wet weight and the total water content of the sample (2, 5) .
Throughout this procedure, special care was taken not to contaminate glassware and dissecting instruments with electrolytes; all were machinewashed and rinsed with distilled water, and, before being used, were rinsed again with distilled water a minimum of five times. Distilled water was produced by a Barnstead still with a high purity attachment and was deionized to the extent that potassium, sodium, and chloride concentrations were beyond the detection limit of our instruments.
Potassium and sodium analyses were performed in duplicate with the National Instrument Laboratory Emission Spectrophotometer, using lithium as an internal standard. Standard curves were linear throughout the range of sample analysis. Chloride was determined in duplicate with the Buchler Electrometric Titrator (29, 30) . To ensure accuracy of electrolyte determinations, a quality control procedure was performed with each set of standards and unknowns. A Hyland or Versatol standard was determined at appropriate dilution. Analyses were included in our data only when values for the control sample fell within the acceptable range given by the manufacturer.
In calculations of electrolyte concentrations a linear regression analysis was used to determine the standard curve, and the unknowns were then determined from the generated equations. All computations were performed with the use of a digital computer.
MEASUREMENT OF TISSUE COLLAGEN
Total nitrogen and collagen nitrogen were measured in papillary muscle and Purkinje fiber samples from five additional dogs (31) . The quantities of sodium, chloride, and potassium associated with the collagen of the cardiac tissues were estimated (32) and subtracted from the tissue concentrations in Table 1 .
MEASUREMENT OF ACID MUCOPOLYSACCHARIDES
Glucuronic acid content was measured in papillary muscle and Purkinje fiber samples from four additional dogs. The tissues were dried to constant weight and then suspended separately in 10 ml of 0.1M acetate buffer (pH 4.9) containing 0.15M NaCl. Crystalline papain (3 mg) was added to each flask, and the flasks were incubated at 56°C overnight in a shaking bath. After the addition of another 3 mg of enzyme to each flask and another 24 hours of incubation, the digests were cleared by centrifugation, and the supernatants were applied separately to 0.7 X 2 cm columns of ECTEOLA in the OH' form (33) . The columns were washed with 20 ml of 0.9$ NaCl solution and then eluted with 3 ml of 2M NaCl. The effluent was collected into calibrated tubes in two approximately equal fractions. The borate-carbazole reaction was performed in duplicate on aliquots of each tube. The results were expressed in mg/kg (dry weight) of acid mucopolysaccharides (mg/kg of glucuronic acid X 3), and the cation-binding (sodium and potassium) capacity was estimated (34) . These values also were subtracted from the tissue concentrations of sodium and potassium (Table  1) .
ABBREVIATIONS AND SYMBOLS
The following abbreviations and symbols will be used throughout:
ECS:
Extracellular space CN:
Collagen nitrogen MPS:
Acid mucopolysaccharide y.
Chemical activity coefficient (H2O) t : Total tissue concentration of water, g H2O/kg fat-free tissue, wet weight (F L O),,: Extracellular tissue water, g H 2 O/kg fat-free tissue, wet weight (S) t :
Total tissue concentration of any ion, mEq/kg fat-free tissue, wet weight [S],,:
Concentration of any ion in the bathing solution or the extracellular space, mEq/kg H 2 O [S],:
Concentration of any ion in the intracellular space, mEq/kg H2O E m :
Cellular resting potential, mv E T) :
Cellular maximum diastolic potential, mv E r :
Reversal of cellular potential during action potential, mv E K :
Electrochemical equilibrium potential of any ion, mv
Results
The total tissue concentrations of major ions and water-(Na + ) t , (Cl-) t , (K + ) t , and (H a O) t -in canine myocardial and Purkinje tissues are shown in Table 1 , along with the corrections introduced by estimating the extracellular concentrations of ions that might be associated with collagen (CN) and acid mucopolysaccharide (MPS). The concentrations of the ions are markedly different in the two tissues, with (Na + ) t and (Cl") t higher and (K + ) t lower in the Purkinje than in the myocardial tissue. Values are mEq/kg fat-free wet weight ± BE for K, Na, and Cl; for HiO, they are g/kg fatfree wet weight. Table 2 gives the concentrations of major ions and water in the tissues after the incubation period necessary for the measurement of cellular potential. Comparison with the data of Table 1 reveals that the myocardial tissue lost potassium and gained sodium and chloride during this procedure, while the concentrations of these ions in the Purkinje tissue did not change significantly, and the water content of neither tissue was significantly affected. Table 3 gives the cellular potentials measured in the incubated tissues. The values shown include the resting potential, E m , in quiescent tissues and the maximum diastolic potential, ED, and the action potential re-Cellular £" Er, Er corded during stimulation. The latter is stated as the reversal of potential, E r , at the peak. Since the diastolic potential is stable in the myocardium, E D and E m are the same in that tissue. All of the values given in Table 3 are comparable to those of others recorded under similar conditions (26, (35) (36) (37) (38) .
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CALCULATION OF EXTRACELLULAR SPACE
Using the data presented in Tables 1 and 3 , extracellular space, ECS, was calculated for Purkinje and myocardial tissue by making certain assumptions about the distributions of chloride, potassium, and sodium. ECS may be defined by equation 1 (1-3) , which is a general equation holding true for any substance, S, freely dissolved in the water of the cellular and extracellular phases:
Values are intracellular millivolts =t SK. Values are g HjO/100 g tissue. *These assumptions give theoretical lower limit s of ECS.
According to this procedure, the ECS of the myocardium was 18%, and that of the Purkinje tissue was 62% (Table 4) .
Passive Distribution of Chloride-In this procedure, it is assumed that chloride activity equals chloride concentration, and the concentration of chloride on either side of the membrane is determined by E m . The use in these calculations of the measured value of E m in Purkinje cells (-79.4 mv, Table 3 ) seems justified, since the concentrations of ions and water in the Purkinje tissue did not change significantly during the incubation period, indicating that the cells of the thin Purkinje strands were well oxygenated. The use of the value of E m measured in the papillary muscle (-74.7 mv, Table 3 ) also seems permissible, even though the total tissue concentrations of ions were altered by the incubation procedure. Since the myocardial samples were as much as 3 to 4 mm thick, although usually thinner, it is likely that the alterations were caused by hypoxia in the deeper cells, where exchange with the bathing solution was poor. However, the surface cells, from which the potential was recorded, should have been oxygenated adequately, and the potentials recorded from them should be valid. The acceptance of these measurements is supported by their similarity to those of others and regarded as normal (35, 40) .
Since the extracellular concentrations and cellular potentials are known, the intracellular concentrations of each ion in each tissue can be calculated by using the Nernst equation The resulting values for [Cl~]i in each tissue were substituted in equation 1 to find ECS of 14SS for myocardium and 61% for Purkinje tissue (Table 4) . Potassium Equilibrium Potential-Proceeding on the assumption (16, 41) one calculates an ECS of 45$ for the Purkinje tissue (Table 4 ). This is the minimum ECS in the Purkinje tissue permitting enough [K + ]ito provide for E D . The ECS of the myocardial tissue calculated by this method was negative. The occurrence of a physically impossible value indicates that [K + ] i is more than adequate to satisfy the relationship expressed in the Nernst equation. Hence, there is no theoretical lower limit imposed upon the ECS of the myocardium by this procedure. one obtains an ECS of 633! for Purkinje tissue ( Table 4 ). The ECS of the myocardium calculated by this method is negative, indicating that the myocardial content of sodium is low enough to satisfy the Nernst equation at any ECS. Hence, there is no theoretical lower limit imposed upon the ECS of the myocardium by this procedure.
After the intracellular concentration of one of the ions has been set, the ECS can be determined using equation 1, and the intracellular concentration of each of the other species can be calculated using the following general equation:
where the symbols have the same meaning as in equation 1. Table 5 gives the values of [Ch],, [K + ],, and [Na + ] i which could be derived using the ECS obtained by each of the procedures. The approximate standard errors were calculated by the procedure of propagation of error (39) .
Chloride.-The value of [Chji was set by assumption in the first procedure ([Cl~] i = 0), and therefore, has no experimental error. The values of [Ch] i obtained by the assumption Ei = E are similar in both tissues, while [K + ] [ obtained by either chloride procedure is much higher in Purkinje than in myocardial tissue ( Table 4) .
Sodium Equilibrium Potential--In the Purkinje tissue, the relationship E Nf l = E r yielded [K + ]i similar to that obtained by the chloride procedures ( , of the myocardium also could not be derived, as the ECS determined by this procedure is a negative value.
Discussion
MYOCARDIAL TISSUE
The calculation of the ECS of myocardial tissue by any of the procedures using total tissue concentrations of the normally occurring ions yielded results that were expected, in that they are consistent with the results of others in myocardium and skeletal muscle (1) (2) (3) (4) (5) (6) (7) (8) .
The two chloride procedures yielded estimates of ECS of 148 and 18* ( Table 4 ). The relationship [Cl"] i = 0 sets an absolute upper limit, but this value is the higher one, and therefore does not contradict that obtained by the other procedure. It is probable that the actual upper limit of ECS in the myocardial tissue is given by the relationship E C i = E r a, and this value (14%) is the lower of the two. If Ecu were more negative than E m , it would be necessary to postulate active transport of chloride and an influence of ECi upon E m .
The methods utilizing cellular potential and potassium and sodium distribution establish the theoretical lower limits of ECS which provide intracellular concentrations of those ions consistent with the relationship expressed in the Nemst equation. The data from the myocardial tissue clearly indicate such consistency.
In addition to providing information about another cardiac tissue, the data on the myocardium provide a useful control of the analytical methods used in this study. The results with the myocardium are similar to those of others, and the results with the Purkinje tissue, while differing from those with the myocardium, are similar to those of others with other specialized cardiac tissues (9) (10) (11) . Both the Purkinje and the myocardial samples were taken from the same animals and subjected simultaneously to the same procedures. Therefore it is unlikely that the differing results with the Purkinje tissue are due to the experimental methods.
PURKINJE TISSUE
The finding of higher (Na+) t than (K + ) t in Purkinje tissue is consistent with a similar (Na + ) t -(K + )t relationship found previously in other specialized cardiac tissues (9) (10) (11) . Correlations of these data with cellular potential by means of the Nernst equation give theoretical limits of ECS.
The assumption E > ,a = E r requires an ECS of at least 63% (Table 4 ). If ECS were any less than this, more sodium would have to be contained within the cell, and the derived E N a would be less than E r , making the theoretical driving force causing the inward sodium current inadequate to account for the action potential. The lowest estimate of ECS is obtained from the relationship E K = E D (45%, Table 4 ), and this must be considered an absolute lower limit, if E D is not to exceed E.
(Cl~) also is much higher in Purkinje than in myocardial tissue, leading to higher estimates of ECS in Purkinje tissue by the chloride methods in which low [Cl~]i is calculated or assumed. Since there is evidence that in cardiac tissue the distribution of chloride is related passively to the cellular potential (17, 18) , the relationship E n = E was used to find an ECS of 61%. The relationship [Cl"] i = 0 gives an ECS of 62%, which must be considered an absolute upper limit.
POSSIBLE RECONCILING HYPOTHESES: PURKINJE TISSUE
Permeability Coefficients.-The theoretical values of ECS obtained by the chloride and sodium methods agree closely (Table 4) and are not significantly different. These estimates of relatively high ECS in Purkinje tissue lead to the calculation of large values for [K + ] | (Table 5) , despite the relatively low (K + ) t ( Table 1 ). The least variable and probably the most accurate of these estimates of [K + ]i comes from the relationship Eci = E m ( Table 5 ). Substituting this value in the Nemst equation, one calculates values for E K from -93 mv to -104 mv (using the mean value of [K + ],±SE). These calculated values for E K exceed E m (-79.4 mv), and also, they are greater than that indicated by voltage-clamp experiments (-86.4 mv) under similar conditions (35) . Since the potential was measured in quiescent tissue, and it is assumed that chloride is distributed passively, E m can be calculated precisely by using a shortened version of the Goldman-Hodgldn-Katz equation (14): Table 1 , all of the preceding calculations reflect the assumption that all of the sodium, chloride, and potassium are in free solution, so that activity equals concentration (•y = 1.0). However, recent evidence from other tissues supports the feasibility of intracellular binding of ions (42) (43) (44) (45) (46) (47) , and any intracellular binding of sodium and chloride would reduce the magnitude of ECS it is necessary to postulate. If one uses the value of E K of -86. , is calculated to be 56 mEq/kg. Since [Na + ], of 39 mEq/kg ( Table 5 , E *a = E r ) is the largest value consistent with equation 2, it follows that the intracellular sodium activity (y^,) is not more than 0.44. On the assumption that chloride is distributed passively (E a = E m , Table 5 ), y n , is 0.12.
Chemical inactivation (binding) of a portion of the intracellular ions in Purkinje tissue also would ease the problem of osmotic balance raised by these data. Using the data in Table 5 derived from the relationships Eci = E m and EN, = E r , one finds a concentration of 262 mEq/kg of cations from sodium and potassium alone. If one assumes a total intracellular activity of 300 milliosmols, takes into account the presence of some calcium and magnesium, and adds 7 mEq/kg of Cb, fewer than 31 milliosmols are left for the remaining ions.
Intracellular Compartments.-An alternate possibility is that the intracellular space consists of two or more compartments (7) , and this would mean that the ECS of Purkinje tissue is not necessarily limited, as indicated by our data. To maintain consistency with the cellular potential, potassium, sodium, and chloride could be held in a compartment adjacent to the membrane, with only the contents of that compartment participating in Circulation Rmtrcb, Vol. XXVII, Au&ust 1970 the formation of, or being affected by, the cellular potential. The remainder of the potassium, sodium, and chloride would need to be held in a compartment, or compartments, away from the membrane, with gradients maintained by active transport or removed by association with intracellular substances.
